A disulphide relay system mediates the import of cysteinecontaining proteins into the intermembrane space of mitochondria. This system consists of two essential proteins, Mia40 and Erv1, which bind to newly imported proteins by disulphide transfer. A third component, Hot13, was proposed to be important in the biogenesis of cysteine-rich proteins of the intermembrane space, but the molecular function of Hot13 remained unclear. Here, we show that Hot13, a conserved zincbinding protein, interacts functionally and physically with the import receptor Mia40. It improves the Erv1-dependent oxidation of Mia40 both in vivo and in vitro. As a consequence, in mutants lacking Hot13, the import of substrates of Mia40 is impaired, particularly in the presence of zinc ions. In mitochondria as well as in vitro, Hot13 can be functionally replaced by zinc-binding chelators. We propose that Hot13 maintains Mia40 in a zinc-free state, thereby facilitating its efficient oxidation by Erv1.
INTRODUCTION
Many proteins of the intermembrane space (IMS) of mitochondria are imported by a distinct machinery that mediates protein import by an oxidation-driven process (Tokatlidis, 2005; Koehler et al, 2006; Herrmann & Kö hl, 2007; Hell, 2008; Stojanovski et al, 2008) . Two components of this machinery were recently identified: Mia40 and Erv1. Mia40 functions as a receptor protein in the IMS. In its oxidized form, it binds to incoming polypeptides by the formation of transient disulphide bonds (Chacinska et al, 2004; Naoe et al, 2004) . As a result of isomerization, the imported proteins are released presumably in an oxidized, stably folded conformation (Allen et al, 2005; Mesecke et al, 2005; Mü ller et al, 2008) . Erv1 is a sulphhydryl oxidase that interacts directly with Mia40 and maintains it in an oxidized and active conformation (Lange et al, 2001; Mesecke et al, 2005) .
In addition to Mia40 and Erv1, the soluble IMS protein Helper of Tim of 13 kDa, Hot13, is important in the biogenesis of the small Tim proteins (Curran et al, 2004) . In Saccharomyces cerevisiae, the deletion of Hot13 does not cause severe growth defects on fermentable or non-fermentable carbon sources. However, mutants show an increased sensitivity to the oxidizing agent t-butyl hydroperoxide. It was suggested that Hot13 is important in redox regulation in the IMS (Curran et al, 2004) .
Here, we show that Hot13 is a zinc-binding protein that influences the redox state, and hence the activity, of Mia40. Our data suggest that Hot13 facilitates demetalation of Mia40 to improve the oxidation of Mia40 by Erv1.
RESULTS

Hot13 is conserved among eukaryotes
BLAST searches showed the presence of homologues of Hot13 that are ubiquitous in eukaryotes and in many bacteria. All homologues have a highly conserved cysteine-rich core domain of about 90 amino-acid residues ( Fig 1A) . This domain is characterized by the presence of nine invariant cysteine and three invariant histidine residues, and is referred to as the CHY zinc-finger domain (pfam05495; Marchler-Bauer et al, 2007) . The domain is predicted to bind to up to three zinc ions (Fig 1B) .
To test whether Hot13 can bind to zinc ions, we purified recombinant Hot13 from Escherichia coli and analysed the metal content by inductively coupled plasma atomic emission spectroscopy ( Fig 1C) . We found significant amounts of zinc in these samples (about 0.8 zinc ions per Hot13 molecule) but virtually no copper (data not shown), thus confirming the zinc-binding capacity of Hot13. The zinc-binding ability of Hot13 was confirmed by a trypsin accessibility assay with in vitro synthesized, radiolabelled Hot13 (Fig 1D) . In the presence of trypsin, Hot13 was partly degraded. The addition of metal-binding chelators considerably increased the protease sensitivity of Hot13, leading to the formation of several specific fragments. By contrast, the addition of zinc acetate stabilized Hot13.
Hot13 influences the redox state of Mia40
Hot13 was reported to be necessary for the import of small Tim proteins into the IMS (Curran et al, 2004) , which is a process that relies on the redox state of Mia40 . HOT13 deletion mutants showed unaltered levels of Mia40 and Erv1 (Fig 2A) , but when compared with wild type, the reduced form of Mia40 was more abundant. To determine more explicitly the relevance of Hot13 for the redox state of Mia40, we incubated wild-type and Dhot13 mitochondria with increasing concentrations of the physiological reductant glutathione. In Dhot13 mitochondria, but not in wild type, low concentrations of glutathione (7.5 mM) led to considerable reduction of Mia40 ( Fig 2B) .
Next, we tested whether the hypo-oxidation of Mia40 in Dhot13 mitochondria is due to the decreased activity of Erv1. As , we tested the DTT resistance of Hot13-deficient cells. However, we observed no changes either in the DTT sensitivity or in the sensitivity against oxidizing agents such as diamide or hydrogen peroxide ( Fig 2C) . Furthermore, Hot13 did not influence the Erv1-catalysed reduction of cytochrome c by DTT (Fig 2D) . Thus, Hot13 is not important for DTT resistance and activity of Erv1, which suggests that Hot13 is generally not required for the oxidation of thiol groups in the IMS. Instead, Hot13 might interact more directly with Mia40 to counteract its reduction or to increase its reoxidation.
Hot13 interacts with Mia40 and stimulates its oxidation
To test whether Hot13 interacts physically with Mia40, we constructed a yeast strain expressing Hot13 with an aminoterminal octahistidinyl tag. On affinity chromatography, a small fraction of Mia40 was copurified with this His 8 -Hot13 variant (Fig 3A, arrows) . Similarly, a fraction of Mia40 could be co-isolated with His 8 -Erv1, an established interaction partner of Mia40. However, Erv1 binds to Mia40 through disulphide bonds, which explains why some of the Mia40 proteins are shifted to a larger form on an SDS gel (Fig 3A, asterisk) . When the lysis of mitochondria was performed in the presence of 10 mM b-mercaptoethanol, the disulphide bonds between Erv1 and Mia40 are broken and the amounts of co-isolated Mia40 are diminished. It should be noted that the interaction of Mia40 with Hot13 is not influenced significantly by the addition of reductant, suggesting that Mia40 and Hot13 do not interact through disulphide bonds. Control proteins of the IMS or the matrix, such as cytochrome c peroxidase or Mba1, were not copurified with Hot13 or Mia40 ( Fig 3A, lower panels) . A direct interaction of Hot13 with Mia40 was also supported by a second experiment: Hot13 bound efficiently to mitoplasts-that is, mitochondria in which the outer membrane was opened by hypotonic swelling (Fig 3B) . Binding was partly dependent on Mia40 as only low amounts of Hot13 were recovered with mitoplasts in which Mia40 was downregulated (Fig 3B; Mia40 , downward arrow). Although significant, the interaction of Hot13 with Mia40 in both pulldown assays is relatively weak. This suggests that Hot13 and Mia40 do not form a permanent complex but rather bind transiently to each other.
Next, we tested whether Hot13 influences the redox state of Mia40. To this end, we pretreated mitoplasts with glutathione to Proteins in 100 mg of wild-type (wt) and Dhot13 mitochondria were resolved on a non-reducing SDS gel. Steady-state levels of the matrix protein fumarase, of the inner membrane protein Mia40, and the intermembrane space (IMS) proteins Erv1, Sod1, Cox17 and Tim13 were detected by western blotting. (B) Mitochondria were incubated with various concentrations of glutathione (GSH) for 10 min before free thiols were trapped with N-ethylmaleimide. The redox state of Mia40 was analysed by non-reducing SDS-PAGE. (C) Wild-type, Dhot13 and GAL-ERV1 cells were grown to log phase. Equal amounts of cells were spread onto glucose-containing plates. Filter discs were placed onto the cell lawn that was soaked with 10 ml of 3 M DTT, 500 mM diamide or 10 M hydrogen peroxide, respectively. The plates were grown at 30 1C for 2 days. (D) Oxidized cytochrome c (40 mM) was incubated with DTT (2 mM) and recombinant Erv1 (10 mM) in a cuvette in the presence or absence of 10 mM Hot13. The reduction of cytochrome c was monitored over time by absorbance spectroscopy at 550 nm. DTT, dithiothreitol; SDS-PAGE, SDS-polyacrylamide gel electrophoresis.
Hot13 influences the mitochondrial redox relay N. Mesecke et al convert Mia40 to its reduced form. After removal of the glutathione, the mitoplasts were incubated in the absence or presence of purified Hot13. In the wild type, Hot13 did not affect the redox state of Mia40, but in Dhot13 mitochondria, it shifted Mia40 to its oxidized form, suggesting a direct function of Hot13 in the oxidation of Mia40 (Fig 3C) . In this in vitro assay, the addition of zinc ions led to a significant reduction of Mia40, which was counteracted by purified Hot13 or the zinc-binding chelators EDTA and o-phenanthroline.
To test more carefully the effect of metal ions on the redox state of Mia40, we exposed mitochondria to various concentrations of glutathione in the presence or absence of chelators and analysed the redox state of Mia40 (Fig 3D,E) . Again, the removal of metal ions restored the oxidation of Mia40 in Dhot13 mitochondria, suggesting a function of Hot13 in metal homeostasis in the IMS. Mia40 had been reported to bind to zinc ions , and it is conceivable that the binding of zinc ions to the thiol groups of Mia40 stabilizes the reduced form of the protein.
Hot13 might influence the zinc binding of Mia40 and hence facilitate its reoxidation.
Hot13 stimulates oxidation of Mia40 in vitro
Recently, a reconstitution assay was developed that allowed the oxidation of Mia40 by Erv1 to be monitored (Grumbt et al, 2007) . In this assay, purified Erv1 was incubated with the recombinantly expressed carboxy-terminal domain of Mia40 (Mia40C). The redox state of Mia40 was assessed by incubation of the protein with the alkylating agent 4-acetamido-4 0 -maleimidylstilbene-2,2 0 -disulphonic acid (AMS), which caused a size shift of the derivatized protein. As AMS reacts only with the reduced form of the redox-active cysteine pair of Mia40C, migration of the oxidized form of Mia40 was not affected (Fig 4A, lanes 1 and 2) . On incubation with Erv1, Mia40C was rapidly oxidized (Fig 4A,  lanes 5-8) . By contrast, when Mia40C was incubated with zinc acetate before repurification by gel filtration, its oxidation by Erv1 was diminished and, even after 60 min, most of the Mia40C remained reduced (Fig 4A, lanes 9-12) . We conclude that zinc binding stabilizes the reduced form of Mia40.
To test the influence of Hot13 on the oxidation of Mia40C, zinc-bound Mia40C was incubated with Erv1 in the absence or presence of EDTA or recombinant Hot13 (Fig 4B) . Removal of the zinc ions from Mia40C by EDTA stimulated its Erv1-dependent oxidation (lanes 6-8 compared with lanes 3-5). Similarly, the presence of Hot13 allowed the rapid oxidation of Mia40C (lanes 9-11). As this assay contains only the three purified components, we consider it most likely that Hot13 interacts directly with Mia40 and converts it into the zinc-free form, which can then be rapidly oxidized by Erv1. 
Hot13 promotes import in the presence of zinc ions
Next, we tested whether zinc ions affect the import of Cox17.
To this end, we prepared radiolabelled recombinant Cox17 to challenge the import capacity with these 'chemical amounts' of protein. Under these conditions, the amount of oxidized Mia40 is limiting for protein import . As shown in Fig 5A and B, the addition of zinc ions significantly improved the import efficiency: in the absence of zinc, only about 3% of the Cox17 protein was taken up by wild-type mitochondria, whereas in the presence of 100 mM zinc, more than 10% were imported. By contrast, import into Dhot13 mitochondria was significantly weaker and stimulated to a much lesser degree by zinc ions (Fig 5A, lanes 5-7) . As we found that, especially in the presence of zinc ions, Mia40 is rapidly reduced by glutathione in Dhot13 mitochondria, we tested the effect of glutathione on the import of Cox17. As shown in Fig 5C , glutathione reduced the import of Cox17 considerably more in mutant mitochondria than in wild-type mitochondria. From this, we conclude that zinc has a stimulating effect on the import of Cox17 into mitochondria and, in parallel, increases the relevance of Hot13 for the import reaction.
Protein import into the IMS leads to a reduction of Mia40
It has been suggested that, during the import of proteins into the IMS, Mia40 is converted into its reduced form . However, the redox state of Mia40 after the import reaction had not been experimentally determined. Therefore, we performed import experiments with the Mia40 substrate Cox17. Recombinant Cox17 was purified in the presence of zinc to maintain it in a reduced import-competent state. Mitochondria of wild-type and Erv1-depleted cells were then incubated with the purified protein or mock-treated with the protein purification buffer. As shown in Fig 5D, incubation with Cox17 caused a significant shift of Mia40 to its reduced form. This shift was also observed when Cox17 was incubated with mitoplasts. These data show that the import of zinc-bound precursor proteins into the IMS leads to the reduction of Mia40, which is consistent with the proposed role of Mia40 in the oxidation of newly imported proteins.
DISCUSSION
Hot13 was initially identified as an important component for the assembly of small Tim proteins in the IMS of mitochondria (Curran et al, 2004) . Here, we show that Hot13 is a zinc-binding protein that influences the redox state of the import receptor Mia40. Hot13 interacts with Mia40 and promotes its efficient oxidation by Erv1. The observed hypo-oxidation of Mia40 in the absence of Hot13 might explain the impaired import efficiency of small Tim proteins (Curran et al, 2004) . The relevance of zinc ions for the biogenesis of small Tim proteins has been hotly debated in the past (Koehler et al, 2006) . Zinc ions were shown to be important for the net translocation of small Tim proteins into the IMS (Lutz et al, 2003) . Recently, it was suggested that precursors of newly synthesized, small Tim proteins bind to zinc already in the cytosol, which stabilizes the reduced import-competent conformation (Lu & Woodburn, 2005) . Zinc might associate initially with precursors of small Tim proteins forming relatively stable, loosely folded intermediates (Ivanova et al, 2007) . These might represent their translocation-competent state, which explains the observed stimulation of the import process by zinc ions.
From our observations, we propose a role of Hot13 in the Mia40-dependent import process, which is depicted in Fig 5E. After their import into the IMS, the precursor proteins are trapped by Mia40. During this interaction, the zinc ions are passed from the small Tim precursors to Mia40, thus stimulating the efficient oxidation of imported proteins. The zinc ions are further The concentrations of Mia40C, Hot13 and Erv1 were 50, 50 and 7 mM, respectively. DTT, dithiothreitol.
Hot13 influences the mitochondrial redox relay N. Mesecke et al transferred to Hot13 to allow the efficient reoxidation of Mia40. According to this model, Hot13 functions as a metal chaperone that transfers zinc ions from Mia40 to an unknown acceptor, which might pump the zinc ions back into the cytosol or store them in the mitochondria. This model is supported by the observation that the import of chemical amounts of Cox17 is stimulated by zinc. However, in the absence of Hot13, the positive effect of zinc was much weaker, presumably because the inefficient removal of zinc from Mia40 slowed down the import process. The role of Hot13 in demetalation of Mia40 might be specific, as we did not find altered activity of the copper zinc superoxide dismutase in the IMS of Dhot13 mitochondria (data not shown). However, the fact that homologues of Hot13 are present in bacteria that do not contain Mia40-like proteins indicates that, at least in prokaryotes, Hot13 is important in another Mia40-independent process. It will be exciting in the future to characterize the zinc transfer processes in the IMS of mitochondria in more detail.
METHODS
Yeast strains. To generate the Dhot13 strain, the entire HOT13 reading frame was replaced by a KanMX6 cassette in the yeast wild-type strain W303 (Altmann et al, 2007) . The His 8 -Hot13 strain was generated by genomic integration (Lafontaine & Tollervey, 1996) . GAL-ERV1 and GAL-MIA40 mutants have been described previously . All strains were grown in liquid yeast extract-peptone (YP) or lactate medium (Altmann et al, 2007) . For repression of the ERV1 or MIA40 genes, 2% or 0.1% glucose, respectively, was added to the medium. Mitochondria were isolated as described previously (Altmann et al, 2007) . Purification of recombinant proteins. The entire HOT13 sequence was cloned into the pMal-cRI vector (New England Biolabs, Ipswich, MA, USA) and was expressed as a fusion protein with maltose-binding protein in E. coli BL21 cells as described earlier (Lutz et al, 2003) . Purification of Mia40C, the C-terminal fragment of Mia40 consisting of residues 284-403, and of Erv1 have been described earlier (Grumbt et al, 2007) . Radiolabelled Cox17 was prepared as described previously . Miscellaneous. The following techniques were carried out as described in previous articles: analysis of the redox state of Mia40 ; Erv1 activity assays (Bihlmaier et al, 2007) ; determination of metal ions (Lutz et al, 2003) ; modification of free thiol groups by AMS (Grumbt et al, 2007) . Radiolabelled proteins were synthesized in reticulocyte lysate according to the protocols of the manufacturer (Promega, Madison, WI, USA). 
